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The entomopathogenic fungus Beauveria bassiana can adopt an endophytic lifestyle
by colonising a wide array of plant species. Beauveria-colonised plants can show
enhanced resistance against insects and plant pathogens alike. However, little is known
about the molecular and physiological mechanisms that govern such interactions.
Here, we assessed the effects of two B. bassiana strains (BG11, FRh2) on the
growth of Arabidopsis thaliana and its resistance against two herbivore species and a
phytopathogen. Plant responses were studied on the transcriptomic and metabolic level
using microarrays and by measuring changes in defence-related phytohormones and
glucosinolates (GLSs). Root inoculation with B. bassiana BG11 significantly increased
plant growth, while FRh2 had no such effect. Both Beauveria strains decreased leaf
lesion area caused by the phytopathogen Sclerotinia sclerotiorum but did not affect
population growth of the aphid Myzus persicae or the growth of Plutella xylostella
caterpillars. Microarray analyses of leaves from endophyte-inoculated A. thaliana
provided evidence for transcriptional reprogramming of plant defence pathways, with
strain-specific changes in the expression of genes related to pathogenesis, phytoalexin,
jasmonic (JA), and salicylic acid (SA) signalling pathways. However, B. bassiana
colonisation did not result in higher concentrations of JA and SA or major changes
in leaf GLS profiles. We conclude that the endophyte B. bassiana induces plant defence
responses and hypothesise that these contribute to enhanced resistance against
S. sclerotiorum.
Keywords: endophytes, glucosinolates, induced resistance, phytohormones, plant–microbe interaction, Plutella
xylostella, Myzus persicae, Sclerotinia sclerotiorum
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INTRODUCTION
Entomopathogenic fungi are primarily known for their ability to
penetrate the cuticle of insects and to cause disease. Once inside
the host, the fungus proliferates and eventually grows out again
through the cuticle to produce spores, which often persist in the
soil until a new host can be infected (Hajek, 2004). Due to their
insect-killing capabilities and the fact that some species are easily
mass-produced, entomopathogenic fungi have been widely used
as biopesticides (Glare et al., 2012). However, more recently an
increasing number of studies have shown that entomopathogenic
fungi can also adopt a lifestyle as endophytes by colonising
plant tissues without causing disease symptoms (Schulz and
Boyle, 2005; Roy et al., 2006; Card et al., 2016). This change in
paradigm has opened new avenues of research into the ecology
of insect-killing fungi and has raised interest in the question
whether endophytic entomopathogens could be useful tools
for sustainable crop protection (Lacey et al., 2015; Lugtenberg
et al., 2016). Several studies have shown that symbioses between
entomopathogens and plants can have positive impacts on plant
growth and resistance (Vega et al., 2009; Vidal and Jaber, 2015;
Jaber and Ownley, 2018; Vega, 2018).
The fungus Beauveria bassiana (Balsamo-Crivelli) Vuillemin
was the first entomopathogen to be reported as a naturally
occurring endophyte in maize (Bing and Lewis, 1991) and has
since been isolated from several other plant species including
coffee (Vega et al., 2010), white pine (Ganley and Newcombe,
2006) and common bean (Ramos et al., 2017). The fungus
has also been successfully established as an endophyte in
many crop species, with seed or root inoculation leading to
systemic colonisation of aboveground plant parts (Vidal and
Jaber, 2015; McKinnon et al., 2017). The potential benefits of
endophytic B. bassiana on plant health such as improving plant
growth and suppressing insect pests and plant pathogens have
been demonstrated in several studies (McKinnon et al., 2017;
Jaber and Ownley, 2018).
Despite accumulating reports on entomopathogens helping
plants to fend off antagonists, very few authors have addressed
the mechanisms underlying this phenomenon. Non-mutually
exclusive hypotheses for explaining B. bassiana-mediated
resistance against attacking organisms include the presence of
fungal toxins and mycoparasitism (Vidal and Jaber, 2015; Sword
et al., 2017; Jaber and Ownley, 2018). However, such mechanisms
have either not been demonstrated or only for endophytic
fungi other than B. bassiana. For example, toxic destruxins
produced by the entomopathogen Metarhizium robertsii were
detected in cowpea plants after root inoculation but whether
concentrations would be high enough to affect herbivores
remains unclear (Golo et al., 2014). Mycosis through direct
infection of herbivores seems another plausible mechanism
but has rarely been observed in plants containing endophytic
entomopathogens (Vidal and Jaber, 2015). Finally, it has been
suggested that fungus-induced plant responses could contribute
to resistance against insects and pathogens (Ownley et al.,
2008; Jaber and Ownley, 2018). Indeed, limited support for
this notion is provided by a proteomic analysis of leaves of
Phoenix dactylifera (Arecaceae), demonstrating that B. bassiana
colonisation can lead to the induction of proteins related to stress
and plant defences (Gomez-Vidal et al., 2009). So far, most of our
knowledge on plant resistance mediated by beneficial endophytic
fungi is derived from studies involving the root-colonising genus
Trichoderma, which can parasitize other fungi but does not infect
insects (Steyaert et al., 2003; Mukherjee et al., 2013; Pieterse et al.,
2014; Vos et al., 2015).
Here, we assessed the effects of endophytic B. bassiana
in promoting plant growth and resistance against three
economically important pests and pathogens of Brassicaceae:
the fungus Sclerotinia sclerotiorum (Ascomycota: Sclerotiniaceae)
and the two herbivore species, Myzus persicae (Homoptera:
Aphididae) and Plutella xylostella (Lepidoptera: Plutellidae). We
conducted transcriptomic analyses of plant responses to two
B. bassiana strains in the model plant Arabidopsis thaliana
(Brassicaceae). This was complemented with measurements of
defence hormones and glucosinolates (GLSs), the main secondary
metabolites characteristic for members of the order Brassicales.
MATERIALS AND METHODS
Plants and Entomopathogens
Surface sterilised and stratified A. thaliana seeds (ecotype
Colombia Col-0) were grown on Murashige and Skoog basal
medium (M5519 – Sigma-Aldrich, Castle Hill, NSW, Australia)
in a growth chamber at 20–22◦C, 60–70% RH under a
12L:12D day/night cycle. Two B. bassiana strains, FRh2 and
BG11, were used in this study. B. bassiana strain BG11 was
recovered from Bellis perennis (Asteraceae) (Bio-Protection
Research Centre, Lincoln University), whereas B. bassiana
strain FRh2 was recovered from Hylastes ater (Coleoptera:
Curculionidae) (Reay et al., 2010).
Endophyte Colonisation
For growth and plant resistance experiments, roots of 1-week-
old A. thaliana seedlings, growing in a gnotobiotic environment,
were dipped in a 10 ml of B. bassiana conidia suspension at a
final concentration of 1 × 108 conidia/ml for 1 min. Control
plants were mock-inoculated with 0.05% Tween 80 in sterile
water. Inoculated and control seedlings were grown in gamma-
irradiated potting mix for 4 weeks in separate propagation boxes
(Mini propagator, Hortlink New Zealand Ltd.).
For microarray, RT-qPCR, phytohormone and GLS analyses,
roots of 5-week-old A. thaliana plants grown in a gnotobiotic
environment were dipped in B. bassiana conidia suspension as
described above. Inoculated and control plants were transplanted
into twice autoclaved vermiculite and kept in separate autoclaved
4.2 l cereal containers for another 15 days.
All experiments consisted of three treatments: FRh2
inoculation (F), BG11 inoculation (B) and mock-inoculation (C)
and were conducted using a completely randomised design in
a growth chamber at 20–22◦C, 60–70% RH under a 12L:12D
day/night cycle expect for plant growth experiment where a cycle
of 16L:8D day/night was used.
Colonisation of A. thaliana by each B. bassiana strain was
assessed using standard isolation techniques on culture medium
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(Reay et al., 2010). Inoculated and mock-inoculated plants were
divided into two parts, rosette and inflorescence. Plant parts
were surface-sterilised for 1 min in 70% ethanol, 2 min in 4.2%
NaOCl and then rinsed 3× 3 min in 0.01% Triton X-100 in sterile
water. The sterilisation method was tested on aliquots of fungal
conidia to confirm the effectiveness of the selected exposure
time and NaOCl concentration on the viability of conidia. After
sterilisation, imprints of each leaf and inflorescence were made on
Beauveria-selective medium (BSM) to verify that plant surfaces
were not contaminated (Brownbridge et al., 2012). Subsequently,
the same leaf tissue and inflorescence were cut into segments of
0.5 to 1 cm, plated on BSM, and cultivated for up to 3 weeks at
20◦C in a dark incubator. Emerging mycelia were isolated and
identified on the basis of colony and conidia morphology. In
addition, genomic DNA was extracted from A. thaliana rosettes
and B. bassiana presence was further verified by PCR using
SCAR primers developed by Castrillo et al. (2003). Three strain-
specific molecular markers were tested to facilitate the detection
of B. bassiana in field samples: SCA14445 (F 5′ TCTGTGCT
GGCCCTTATCG 3′, R 5′ TCTGTGCTGGGTACTGACGTG 3′),
SCA15441 (F 5′ TTCCGAACCCGGTTAAGAGAC 3′, R 5′ TTCC
GAACCCATCATCCTGC 3′) and SCB9677 (F 5′ TGGGGGA
CTCGC AAA CAG 3′, R 5′ TGGGGGACTCAC TCC ACG 3′).
Similar to Biswas et al. (2012), we found that SCA15441 amplified
B. bassiana DNA best and was therefore used throughout this
study. We tested 38 FRh2-inoculated, 34 BG11-inoculated and
51 control plants grown in gamma-irradiated soil for B. bassiana
presence that had been used earlier in the bioassays. Additionally,
plants grown in vermiculite under gnotobiotic conditions used
for molecular (n = 4) and biochemical experiments (n = 6) were
also tested for endophyte colonisation.
Plant Growth
Plants were grown in gamma-irradiated soil and inoculated as
described above. The following phenotypic traits were measured
4 weeks after inoculation: rosette diameter, number of leaves,
shoot and root biomass (fresh weight) and root/shoot ratio.
We also measured time until onset of the reproductive phase
(appearance of inflorescence) and inflorescence length after 12
weeks. For each treatment n = 20 replicates were carried out.
Testing of Plant Resistance Against
Leaf-Chewing and Phloem-Sucking
Herbivores
A colony of the diamondback moth Plutella xylostella was reared
on potted cabbage plants (Brassica oleracea var. capitata) in a
climate chamber at constant 22◦C under a 16L: 8D day/night
cycle. A single third-instar caterpillar was transferred to a 5-
week-old A. thaliana plant inoculated with B. bassiana or
a mock-inoculated control with 24–26 plants per treatment.
Separate experiments were carried out for each endophyte
strain with its corresponding control. Caterpillar body mass was
measured before the experiment and after a feeding period of
48, 72, and 96 h.
Myzus persicae was maintained under the same conditions
as described for P. xylostella. Five nymphs of M. persicae,
characterised by their wide cauda, were carefully transferred
to a 5-week-old A. thaliana plant inoculated with B. bassiana
or a mock-inoculated control with 12–14 plants per treatment.
Nymphs were caged onto a leaf by using a clip cage of 44 mm
diameter. The cage was removed 24 h post infestation and only a
single nymph, which had inserted its stylet, was left on the leaf to
become reproductive. After 5 days the number of next generation
nymphs was recorded daily for 10 days.
Testing of Plant Resistance Against a
Leaf Pathogen
Five-week-old A. thaliana plants inoculated with one of the
B. bassiana strains and mock-inoculated controls were infected
with Sclerotinia sclerotiorum using an agar plug method. The
S. sclerotiorum strain SsOSR (Bio-Protection Research Centre,
Lincoln University) was cultured on potato dextrose agar in
a Petri dish of 9 cm diameter for 3 weeks at 20◦C under a
12L:12D day/night cycle. A cork borer was used to punch out a
3 mm agar disc with fungal hyphae from a Petri dish. Discs were
punched out 1 cm from the edge of the dish. The agar disc was
placed on a single leaf surface. All selected leaves for infection
were standardised for a length of ca. 7 cm. The agar discs were
covered with plastic foil to maintain high relative humidity and
plants were incubated in propagation boxes (Mini propagator,
Hortlink New Zealand Ltd.). The experiment was carried out
with 19–22 plants per treatment. Lesion areas were measured
5 days post infection according to the method of Rostás et al.
(2006). The lesions were scanned and the area of each lesion was
calculated using the self-written software Surface (available upon
request from authors).
Microarrays
Total RNA was extracted from inoculated and control A. thaliana
rosettes of four independent biological replicates per treatment
using the RNeasy Plant Mini Kit (QIAGEN). Each biological
replicate consisted of a pool of eight plants. One-column DNase
digestion treatment using the RNase-Free DNase Set (QIAGEN)
was incorporated in the extraction protocol to eliminate any
DNA contaminations in downstream experiments. RNA samples
were sent to OakLabs (Hennigsdorf, Germany) for analysis using
Agilent 8× 60 K microarrays (Agilent Technologies, Santa Clara,
CA, United States) with 32072 target IDs representing 30541
gene loci where annotation is based on A. thaliana Genome,
TAIR10. RNA quality was confirmed by electrophoretic analysis
via the 2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, United States) for determination of the RNA integrity
number. The cRNA syntheses and microarray hybridisations
were performed using the Low Input QuickAmp Labeling Kit
and the Agilent Gene Expression Hybridisation Kit (Agilent
Technologies). Microarray data were normalised according
to the ranked median quantiles (Bolstad et al., 2003) using
DirectArray software (OakLabs). Hierarchical clustering analysis
(HCA) and principal component analysis (PCA) were used to
test whether samples of the same treatment were homogenous
and thus clustered together. DEGs were identified using two-
sample t-tests with unequal variance (Welch’s t-test), with a
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p-value of 5% using DirectArray software. Data were further
subjected to false discovery rate correction with a threshold of 5%
(Benjamini and Hochberg, 1995). GO and enrichment analysis
for each group of up- and downregulated DEGs were performed
(Ashburner et al., 2000; Mi et al., 2017; The Gene Ontology
Consortium, 2017). Gene expression data were visualised in the
context of metabolic pathways using MapMan (Thimm et al.,
2004; Usadel et al., 2009).
Quantitative Real Time PCR
For microarray validation, the expression of seven genes was
evaluated using RT-qPCR (Primer sequences: Supplementary
Table S6). The selected genes were related to different defence
responses and had shown differential regulation in the FRh2-
inoculated plants transcriptome data. AXR5 (Hardtke et al.,
2007), ASC4 (Abel et al., 1995), MYB122 (Frerigmann and
Gigolashvili, 2014) and ARR11 (Kieber and Schaller, 2014)
are involved in auxin, ET, camalexin and cytokinin pathways,
respectively. GLIP1 and chitinase gene are known to be involved
in resistance against bacteria and fungi (Oh et al., 2005; Lee et al.,
2009; Hermosa et al., 2012). WRKY63 is involved in abiotic stress
resistance and mediates plant responses to drought tolerance
(Ren et al., 2010; Bakshi and Oelmuller, 2014).
Total RNA was extracted from FRh2-inoculated and mock-
inoculated Arabidopsis rosette of three additional independent
biological replicates using the RNeasy Plant Mini Kit and RNase-
Free DNase Set (QIAGEN) as described above. RNA quality
check was performed by electrophoresis and photometrical
measurement with the Nanodrop 2000 spectrophotometer
(Thermo Scientific). A total of 2 µg of DNase-treated RNA
was then reverse-transcribed into the first-strand cDNA using
SuperScript R© III First-Strand Synthesis System (Invitrogen).
cDNA synthesis was performed according to the manufacturer’s
instructions, using Oligo dB 12-18 primer and including an
RNase H digestion as a last step to remove RNA template
from the cDNA:RNA hybrid molecule. qPCR was performed
in triplicate from three biological replicates with a reaction
mixture containing gene specific primers, cDNA template with
a dilution value of 1:10, SYBR Green reagent, ROX Reference
Dye to normalise the fluorescent reporter signal and the
FastStartTM Taq DNA Polymerase, dNTPack (Roche). The
thermal cycling conditions were 95◦C for 10 min followed by
95◦C for 15′′, 60◦C for 45′′ and 72◦C for 45′′ for 40 cycles,
followed by melting curve step at 95◦C for 15′′, 60◦C for
1′ and 95◦C for 15′′ to validate amplicon specificity. Non-
template controls were included in each qPCR plate indicating
the purity of the reagents. Primers were designed to amplify
short cDNA fragments using Primer-BLAST1. The primers were
designed to span an exon/exon junction with a product size
between 70 and 100 bp using the RefSeq accession database.
Three reference genes that were stable and not identified as
differentially expressed in the FRh2-inoculated plants microarray
data, actin 2 (Act-2); glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and elongation factor (EF1α) genes were used as
reference genes to normalise the qPCR data. The relative
1https://www.ncbi.nlm.nih.gov/tools/primer-blast/
expression levels were analysed using the 2−11CT method
(Livak and Schmittgen, 2001) and are presented as log2 relative
levels of gene expression.
Phytohormone Analysis
Salicylic acid and jasmonic acid levels were quantified in
B. bassiana inoculated and mock-inoculated A. thaliana leaves
by vapour-phase extraction and subsequent gas chromatography-
mass spectrometry (GC-MS) analysis according to Schmelz
et al. (2004). Plants were grown and inoculated as described
above in section Endophyte colonisation. The experiment
was carried out with six independent replicates (plants) per
treatment. Each replicate consisted of 150 mg of frozen
homogenised leaf tissue. The plant material was extracted in
micro-reaction tubes filled with zirconium beads (FastRNA R©
Pro Green Kit), acidified 1-propanol in water and methylene
chloride, using a FastPrep R©-24 System (MP Biomedicals, Solon,
OH, United States). For quantification, D6-salicylic acid (CDN
Isotopes, Pointe-Claire, QC, Canada) and dihydrojasmonic acid
(TCI America, United States) were used as internal standards.
Trimethylsilyldiazomethane (Sigma-Aldrich, Castle Hill, NSW,
Australia) was added to derivatise the two phytohormones into
their corresponding methyl esters. Samples were subjected to a
vapour-phase extraction procedure consisting of two evaporation
steps at 70◦C and 200◦C using a volatile collection trap
packed with 30 mg Super-Q absorbent (Analytical Research
Systems, Micanopy, FL, United States). The absorbed methylated
compounds were then eluted from the collection trap with
methylene chloride and stored at −80◦C for subsequent GC-MS
analysis according to Maag et al. (2014).
Glucosinolate Analysis
Glucosinolate concentrations were measured in inoculated
and mock-inoculated A. thaliana leaves as described above.
The experiment was carried out with six independent
replicates (plants) per treatment. Freeze dried leaves samples
of each replicate were pulverised in 2 ml microcentrifuge
tubes containing 2.5 mm zirconium/silica beads (dnature,
New Zealand) using a bead mill (TissueLyser II, Qiagene, Hilden,
Germany) for 1 min. Leaf samples (10 mg) were then extracted
three times in 80% methanol. At the first extraction, 2-propenyl
glucosinolate (Phytoplan, Heidelberg, Germany) was added as
internal standard. Purified sulfatase (E.C. 3.1.6.1; purification
following; Graser et al., 2001) was used to convert glucosinolates
to desulfoglucosinolates which were then analysed by high
performance liquid chromatography (HPLC) coupled to a diode
array detector (HPLC-1200 Series, Agilent Technologies, Inc.,
Santa Clara, CA, United States) as described by Abdalsamee and
Müller (2012). Desulfoglucosinolate separation was performed
on a reverse phase Supelcosil LC 18 column (3 µm, 150× 3 mm,
Supelco, Bellefonte, PA, United States) using a gradient of
water to methanol, starting at 5% methanol for 6 min, and
increasing from 5 to 95% methanol within 13 min with a hold
at 95% for 2 min. Metabolites were identified by comparison
of retention times and UV spectra to purified standards
(Phytoplan, Heidelberg, Germany; Copenhagen, Denmark) or
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by confirming the identities by ultra-HPLC coupled with a time
of flight mass spectrometer (1290 Infinity UHPLC and 6210
TOF-MS Agilent, Technologies, Santa Clara, CA, United States).
Desulfoglucosinolates were quantified using the integrated
area at 229 nm, applying the response factors as described
previously (Brown et al., 2003), and relating the amounts to the
sample dry mass.
Statistical Analyses
Differences in presence/absence between B. bassiana strains in
A. thaliana tissues was analysed by a Chi-square test. Plant
phenotypic traits, concentrations of JA and several GLSs were
analysed using one-way ANOVA followed by Fisher’s least
significant difference (LSD) post hoc tests. Data not meeting
assumptions of normality and homogeneity of variance, such
as number of leaves, root/shoot ratio, SA concentration, 4-
hydroxyindol-3-ylmethyl GLS and 5-methylsulfinylpentyl GLS
levels were analysed using the non-parametric Kruskal–Wallis
ANOVA followed by a Student–Newman–Keuls test. A PCA
was performed to visualise the effects of B. bassiana strains
on glucosinolate concentrations. The biomass of P. xylostella
caterpillars and population growth of M. persicae aphids were
analysed using Student’s t-tests for independent samples and
repeated measures ANOVA, respectively. Differences in mortality
between caterpillars reared on endophyte-inoculated and control
plants were compared by Chi-square tests. Count data for the
population growth of aphids of M. persicae were square root
transformed and homogeneity of variance was tested using
Cochran’s test. S. sclerotiorum assay was analysed using one-
way ANOVA followed by Fisher’s least significant difference
(LSD) post hoc tests. S. sclerotiorum lesions area data was log-
transformed to meet assumption of normality and homogeneity
of variance. Statistical analyses were performed using IBM R© SPSS
statistics 22 and Statistica 13 software as well as R package
version 3.2.02.
RESULTS
Endophytic Colonisation of A. thaliana by
the Fungal Entomopathogen B. bassiana
The entomopathogenic fungus was able to endophytically
colonise aboveground tissues of the model plant A. thaliana. The
root dipping method showed that the fungus can translocate
systemically throughout the plant system when roots were dipped
in conidia suspension, confirming previous studies (e.g., Muvea
et al., 2014; Qayyum et al., 2015).
No statistically significant differences in colonisation rates
were found between the strains FRh2 and BG11 (χ2: 2.62,
d.f. = 1, P = 0.106). However, the environmental conditions
of the inoculated plants had a strong influence on endophyte
presence. While 100% of inoculated plants grown in vermiculite
and under germ-free conditions were infected with B. bassiana,
only 53 ± 6% of plants were tested positive when grown in soil
under non-gnotobiotic conditions. No background infection of
2https://CRAN.R-project.org
B. bassiana in A. thaliana seeds and seedlings was found using
both molecular detection and the standard isolation techniques
on culture medium. The fungus was recovered from rosettes
and inflorescences after root inoculation, suggesting systemic
colonisation of the entire plant. None of the control plants were
colonised by the fungus. Also, tissue imprints and cuts showed
no presence of B. bassiana, indicating that the fungus did not
colonise the plant surface. Using PCR, we were able to detect
B. bassiana in inoculated but not in control plants.
Growth Promotion Depends on
Entomopathogen Strain
Endophytic colonisation by B. bassiana showed strain-specific
effects on several phenotypic traits of A. thaliana. Rosette
diameter remained unaffected by the endophyte (one-way
ANOVA, d.f. = 2, F = 2.336, P = 0.106; Figure 1A) but plants
infected with BG11 produced significantly more leaves than
either controls or FRh2-treated A. thaliana (Kruskal–Wallis
ANOVA, H = 7.461, d.f. = 2, P = 0.024; BG11 vs. control:
P = 0.037, BG11 vs. FRh2: P < 0.001, FRh2 vs. control: P = 0.761;
Figure 1B). Likewise, no statistically significant effect was found
for shoot biomass (one-way ANOVA, d.f. = 2, F = 2.519,
P = 0.089; Figure 1C), while root biomass was increased in BG11
plants (one-way ANOVA, d.f. = 2, F = 10.727, P < 0.001; BG11 vs.
control: P < 0.001, BG11 vs. FRh2: P = 0.001, FRh2 vs. control:
P = 0.845; Figure 1D). Plants of all three treatments differed
in their root/shoot ratios (Kruskal–Wallis ANOVA, d.f. = 2,
H = 27.307, P < 0.001; BG11 vs. control: P = 0.002, BG11 vs.
FRh2: P < 0.001, FRh2 vs. control: P < 0.001; Figure 1E). The
time until plants entered the reproductive phase was independent
of endophyte colonisation (Kruskal–Wallis ANOVA, d.f. = 2,
H = 2.293, P = 0.318) and reached on average 29 ± 1.0 days
(control), 29 ± 1.5 days (BG11) and 29 ± 0.3 days (FRh2).
However, BG11 treated plants produced significantly shorter
inflorescences (one-way ANOVA, d.f. = 2, F = 9.198, P < 0.001;
BG11 vs. control: P < 0.001, BG11 vs. FRh2: P = 0.007, FRh2 vs.
control: P = 0.624; Figure 1F).
Entomopathogen Colonisation Increases
Plant Resistance to Leaf Pathogen but
Not to Insect Herbivores
Endophyte colonisation had no effect on the mortality rate of
P. xylostella caterpillars, which was 31% and 38% in FRh2- and
BG11-treated plants, respectively. Mortality in the corresponding
controls was 29% in both experiments (Chi-square tests, FRh2
vs. control: χ2 = 0.02, d.f. = 1, P = 0.902; BG11 vs. control:
χ2 = 0.38, d.f. = 1, P = 0.540). No significant differences in
P. xylostella caterpillar body mass were observed after 48, 72, and
96 h of feeding on B. bassiana-inoculated plants when compared
to insects feeding on control plants (t-test for FRh2 at 0 h; t = 0.39,
P = 0.969, n = 24–26; 48 h; t = 0.502, P = 0.618, n = 22–24; 72 h;
t = −1.228, P = 0.227, n = 20–19; 96 h; t = −1.959, P = 0.059,
n = 17–18; t-test for BG11 at 0 h; t = −0.607, P = 0.547, n = 23–
24; 48 h; t = 0.459, P = 0.649, n = 20–22; 72 h; t = 0.377, P = 0.709,
n = 20; and 96 h; t =−0.345, P = 0.732, n = 15–17, Figures 2A,B).
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FIGURE 1 | Effects of B. bassiana on A. thaliana growth. Rosette diameter (A), numbers of leaves (B), shoot biomass (C), root biomass (D), root/shoot ratio (E), and
inflorescence length (F) in B. bassiana colonised (F, FRh2 and B, BG11) and control (C) plants. Error bars represent the standard error of the mean (N = 20), bars
with different letters differ significantly (P < 0.05).
Equally, the population growth of aphids of M. persicae was
not significantly affected by B. bassiana presence when fixed
on plants within a 10-day period (repeated measures ANOVA,
treatment effect: d.f. = 2, F = 0.37, P = 0.692, Figure 2C).
In contrast to insect bioassays, inoculation with B. bassiana
resulted in a significant reduction in S. sclerotiorum lesion area
on leaves compared to those on mock-inoculated plants (one-
way ANOVA, d.f. = 2, F = 22.062, P < 0.001, Figure 2D). The
effect was significant for both B. bassiana strains compared to
the control plants.
Entomopathogen Colonisation Results in
Strain-Specific Remodelling of the
A. thaliana Transcriptome
The comparative transcriptome analysis of B. bassiana-
inoculated (FRh2, BG11) and mock-inoculated plants revealed
1,166 differentially expressed genes (DEGs) for FRh2-inoculated
plants and 552 DEGs for BG11-inoculated plants, indicating a
strain-specific effect on the plant’s gene expression. The ratio of
upregulated to downregulated A. thaliana transcripts was 58:42%
in FRh2-inoculated plants and 52:48% in BG11-inoculated
plants (mean of four biological replicates). Fifty-eight DEGs
were shared between the FRh2-inoculated plants and BG11-
inoculated plants. Thirty-eight of the 58 shared DEGs had a
similar expression pattern in the presence of FRh2 or BG11 while
the remaining showed diverging expression patterns (Figure 3
and Supplementary Table S5).
Similarities between FRh2- and BG11-inoculated plants were
observed in the upregulation of defence-related processes.
Only BG11-inoculated plants showed responses associated to
wounding (Table 1), however, both fungal strains induced
genes involved in oxidative stress processes. FRh2-inoculated
plants furthermore showed transcriptional changes in many
additional abiotic stress-related processes that included responses
to heat and temperature, while BG11-inoculated plants showed
downregulation of genes related to radiation and light processes
(Table 1 and Supplementary Tables S1–S4). An apparent
difference in DEGs between FRh2- and BG11-inoculated plants
was observed in the biological processes relating to plant
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FIGURE 2 | Effects of endophytic B. bassiana on two insect herbivores and a leaf pathogen. P. xylostella body mass (means ± SE) after 48, 72, and 96 h of feeding
on B. bassiana FRh2 (A) and BG11 (B) colonised Arabidopsis thaliana (N = 24–26). M. persicae population growth when feeding on control and B. bassiana
colonised A. thaliana (C). Symbols represent mean number of M. persicae (N = 12–14). S. sclerotiorum lesion area on A. thaliana leaf measured 5 days post infection
(D). Disease intensity was calculated as average lesion area (N = 19–22). Different letters above bars indicate significant differences (P < 0.05). C, control plants; F,
FRh2 inoculated plants; B, BG11 inoculated plants. Error bars represent the standard error of the mean. n.s., not significant.
FIGURE 3 | Venn diagram comparing the expression patterns of the shared
differentially expressed genes (DEGs) between FRh2- and BG11-inoculated
plants.
hormones: DEGs associated with responses to JA, ethylene (ET)
and SA were upregulated in BG11-inoculated plants, whereas
DEGs associated with gibberellin and auxin stimulus were
downregulated in FRh2-inoculated plants compared to control
plants (Table 1 and Supplementary Tables S1–S4).
Gene ontology (GO) and enrichment analysis were
complemented by mapping the transcriptomic data with
MapMan. An overview of the plant’s metabolic pathways that
were affected by B. bassiana colonisation was generated. MapMan
mapped 1,163 and 548 DEGs into the 35 major bins for FRh2- and
BG11-inoculated tissues, respectively. Bins 7, 12, 14 (oxidative
pentose phosphate, N-metabolism, S-assimilation, polyamine
metabolism) and bins 8, 9, 18 (tricarboxylic acid cycle/organic
acid transformation, mitochondrial electron transport/ATP
synthesis, co-factor and vitamin metabolism) were the only
non-represented bins for FRh2- and BG11-inoculated plants,
respectively (Figure 4). A total of 367 DEGs (142 upregulated and
225 downregulated) for FRh2-inoculated plants and 159 DEGs
(61 upregulated and 98 downregulated) for BG11-inoculated
plants were unassigned (bin 35) DEGs (Figure 4).
The biotic stress overview pathway generated by MapMan
highlighted the involvement of both FRh2- and BG11-inoculated
plants in defence-related responses and gave a visual assessment
on how B. bassiana reprograms major parts of the plant immune
response (Figures 5, 6). There were changes to expressions
of stress-related transcripts associated to biotic and abiotic
stress. MapMan identified 374 and 175 DEGs associated with
the biotic stress overview pathway for FRh2- and BG11-
inoculated plants, respectively. Among these, only 38 DEGs
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Response to hydrogen peroxide 1.15E-06
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Secondary metabolic process 2.61E-02
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Response to jasmonic acid 9.62E-07
Response to salicylic acid 1.96E-03
Response to wounding 8.00E-03
Response to ethylene 1.08E-02
Response to bacterium 1.44E-02
Response to oxidative stress 1.94E-02
Cellular response to blue light 1.62E-03
Response to UV-B 5.10E-03
Red and blue boxes show up- and downregulated biological process enriched at
p-value < 0.05.
for FRh2-inoculated plants and 13 DEGs for BG11-inoculated
plants were related to abiotic stress (bin 20.2) whereas the
remaining were related directly or indirectly to biotic stress. The
majority of the 38 FRh2-inoculated plants transcripts related
to abiotic stress were identified as heat shock protein coding
genes. A subset of 23 DEGs for FRh2-inoculated plants and
13 DEGs for BG11-inoculated plants were related directly to
biotic stress (bin 20.1) and mapped as pathogenesis-related
proteins coding genes (bin 20.1.7). The remaining of FRh2-
and BG11-inoculated plants DEGs were indirectly related to
biotic stress responses and mapped as signalling (bin 30),
transcription factors (bin 27), oxidative stress (bin 21 and bin
26), hormones (bin 17), secondary metabolism-related genes (bin
16) and cell-wall modification genes (bin 10). For both FRh2-
and BG11-inoculated plants DEGs, regulation of transcription
showed diverging expression patterns in DEGs identified as
WRKY factors, MYB domain and ET response factors AP2/ERF
coding genes. Transcripts of FRh2- and BG11-inoculated plants
associated with oxidative stress were identified as glutaredoxins,
peroxidases and glutathione S transferases (GST) coding genes.
DEGs associated with the secondary metabolism were related
to camalexin and flavonoid metabolism and those associated
with hormones metabolism were identified as auxin-responsive
protein, ET signal transduction coding genes and JA and SA
metabolism-associated genes.
The expression levels of the selected genes followed
the same pattern of expression as in the FRh2-inoculated
plants microarray. Averaging the expression level of each
gene over the three biological replicates and over the
three reference genes showed that AXR5, ACS4, and ARR1
expression were downregulated, whereas GLIP1, chitinase
gene, MYB122 and WRKY63 expression were upregulated
(Supplementary Figure S1).
Entomopathogen Colonisation Affects
Secondary Metabolite Profiles but Not
Defence Hormones
Colonisation with B. bassiana did not result in increased
concentrations of JA and SA in A. thaliana leaves 15 days after
inoculation. For the three treatments, no significant differences
(P > 0.05) were found in SA and JA concentrations (one-way
ANOVA for JA d.f. = 2, F = 0.908, P = 0.426, Figure 7; Kruskal–
Wallis Test for SA, d.f. = 2, χ2 = 0.1.333, P = 0.513, Figure 7).
Slight changes in leaf GLS concentrations were observed
due to entomopathogen colonisation after 15 days of
inoculation. No significant differences (P ≤ 0.05) in total
indole glucosinolate (IGS) levels (sum of four individual indole
GLS: 4MOI3M, 4-methoxyindol-3-ylmethyl GLS; 4OHI3M,
4-hydroxyindol-3-ylmethyl GLS; I3M, indol-3-ylmethyl GLS;
1MOI3M, 1-methoxyindol-3-ylmethyl GLS) were observed
between B. bassiana-treated and control plants. However, total
aliphatic glucosinolate (AGS) levels (sum of seven individual
aliphatic GLS: 3MSOP, 3-methylsulfinylpropyl GLS; 4MSOB,
4-methylsulfinylbutyl GLS; 5MSOP, 5-methylsulfinylpentyl
GLS; 6MSOH, 6-methylsulfinyl-heptyl GLS; 7MSOH, 7-
methylsulfinylheptyl GLS; 4MTB, 4-methylthiobutyl GLS;
8MSOO, 8-methylsulfinyl-octyl GLS) were affected by the
fungus (one-way ANOVA, IGS: d.f. = 2, F = 2.886, P = 0.087;
AGS: d.f. = 2, F = 7.958, P = 0.004, Figure 8). FRh2-colonised
plants showed lower levels of AGS compared to controls with
a significantly low level of 4MSOB (one-way ANOVA, d.f. = 2,
F = 6.676, P = 0.008, Table 2). Despite the absence of a significant
change in the total amount of AGS when compared to controls,
BG11-colonised plants showed a significant increase in the
level of 7MSOH, 4MTB, 8MSOO) when compared to FRh2-
colonised plants (one-way ANOVA, d.f. = 2, 7MSOH: F = 14.146,
P < 0.001; 4MTB: F = 7.843, P = 0.005, 8MSOO: F = 8.619,
P = 0.003, Table 2). PCA resulted in distinct clusters of FRh2-
and BG11-treated plants, which overlapped with the cluster of
mock-inoculated controls (Figure 9).
DISCUSSION
In this study, we assessed the ability of B. bassiana to promote
plant growth and we tested whether systemic colonisation
of A. thaliana by the insect-pathogenic fungus B. bassiana
induces resistance against insect and fungal plant antagonists.
Furthermore, we investigated whether the resistance can be
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FIGURE 4 | Numbers of differentially expressed genes (DEGs) assigned into MapMan bins (bin number in brackets) from FRh2- and BG11-inoculated plants.
Downregulated DEGs are negative. Unassigned DEGs were 142, –225, and 61, –98 for FRh2- and BG11-inoculated plants, respectively. OPP, oxidative pentose
phosphate; TCA/org transformation, tricarboxylic acid cycle/organic acid transformation.
explained by correlational changes in gene expression, signalling
molecules and secondary metabolites related to plant defences.
Our analysis of different plant parameters showed that growth
promotion is strain-dependent as only BG11 but not FRh2
colonisation resulted in an increased number of leaves, shorter
inflorescences and higher root biomass. Growth promotion by
entomopathogens also varied in other studies and in some
systems depended on the species or strain used as well as
on soil nutrient availability (Jaber and Enkerli, 2017; Tall
and Meyling, 2018). Gomez-Vidal et al. (2009) showed that
B. bassiana can induce proteins related to photosynthesis and
energy metabolism which could enhance plant growth. However,
in the present study subsequent transcriptomic analyses did
not indicate enhanced gene expression related to primary
metabolism or photosynthesis and further research will be
necessary to elucidate the underlying mechanisms of plant
growth promotion by BG11.
Regarding the question whether the endophyte confers
resistance against different plant antagonists, we observed
that inoculation of A. thaliana roots with FRh2 and BG11,
respectively, did not result in any negative effects on insect
herbivores. Neither B. bassiana strain affected P. xylostella
development or M. persicae population growth in this study
and suggests that herbivore resistance is species-specific. This
lack of effect could have been due to the low presence of
B. bassiana after 4 weeks of endophytic growth, which was
around 50% in the tested plant population. It should be
noted that mortality of P. xylostella larvae in the controls was
relatively high (29%) due to first instar losses. High baseline
mortality could have been due to switching from B. oleracea
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FIGURE 5 | Biotic stress overview pathway for FRh2-inoculated plants DEGs as generated by MapMan software. Red and blue boxes represent up and
downregulated genes, respectively. Colour intensity represents the degree of expression given as log2 fold change >1 and <–1.
to A. thaliana as a host plant at the start of the experiment.
It is also conceivable that handling the small delicate insects
with a soft paintbrush, despite taking great care, might have had
some adverse effects. Baseline mortality of P. xylostella seems
to vary considerably between 10 and 43% (Haas et al., 2018;
Sun et al., 2018). Nevertheless, both endophyte strains caused
a significant decrease in the area of necrotic leaf lesions by
S. sclerotiorum. We suggest that, to some extent, this may be
due to the induction of local and/or systemic plant resistance.
The genome-wide expression analysis of A. thaliana provided
evidence for the transcriptional reprogramming of plant defence
pathways following B. bassiana colonisation, which may explain
the observed effects against the pathogen. Interestingly, gene
responses to both strains differed in several aspects, despite the
fact that pathogen resistance was conferred by both B. bassiana
fungi. We also found that, overall, the transcriptional responses
to B. bassiana colonisation seemed to resemble those of other
endophytic, non-entomopathogenic fungi, such as Trichoderma
spp. and Piriformospora indica which are known inducers of
systemic resistance against plant pathogens (Molitor et al., 2011;
Mathys et al., 2012; Nongbri et al., 2012; Brotman et al., 2013;
Gill et al., 2016).
Gene ontology and enrichment analyses suggested that
both B. bassiana strains initiate microbial-associated molecular
pattern triggered immunity (MTI) in A. thaliana as indicated
by differential gene expression in the GO categories “response
to innate immune response”, and “defence response” (Table 1
and Supplementary Tables S1–S4), suggesting that B. bassiana
was recognised as an invading fungus. Both fungal strains
induced a number of genes for receptor-like kinases, including a
LysM domain-containing protein, which is necessary for chitin
signalling and fungal resistance in A. thaliana (Wan et al.,
2008). The induction of these genes may indicate that Beauveria-
derived chitin is recognised by the plant as microbial-associated
molecular pattern (MAMP) and could have contributed to
enhanced resistance against S. sclerotiorum. Mathys et al. (2012)
and Brotman et al. (2013) reported responses to chitin as one of
the significantly upregulated biological processes in endophytic
Trichoderma spp.–A. thaliana interactions. In addition, the
upregulation of different pattern recognition receptors (PRRs)
indicative for MTI was observed (Yang et al., 2012; Tang et al.,
2017), such as the receptor-like kinase FRK1 (in FRh2-inoculated
plants) that is involved in the early defence response against the
22-amino-acid peptide Flg22 (Asai et al., 2002), and AtRLP23
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FIGURE 6 | Biotic stress overview pathway for BG11-inoculated plants DEGs as generated by MapMan software. Red and blue boxes represent up and
downregulated genes, respectively. Colour intensity represents the degree of expression given as log2 fold change >1 and <–1.
(in BG11-inoculated plants), which confers Nep1-like proteins
(NLPs) recognition. These proteins are widely distributed among
bacteria, fungi and oomycetes (Albert et al., 2015). WRKY
transcription factors act as important regulators of complex
defence networks and are central players of many aspects of
MTI (Rushton et al., 2010; Pieterse et al., 2012). WRKY29,
which was induced in FRh2-inoculated plants, is linked to
enhanced resistance to bacterial and fungal pathogens (Asai et al.,
2002) while WRKY75, induced in FRh2- and BG11-inoculated
plants, is associated with defence responses against necrotrophic
pathogens (Gechev et al., 2005; Encinas-Villarejo et al., 2009).
In particular the induction of WRKY75 could have played a
role in the observed resistance against S. sclerotiorum, since
Chen et al. (2013) showed that WRKY75 overexpression lines
conferred enhanced resistance to the same fungal species. In
addition, FRh2- and BG11-inoculated plants were characterised
by altered expression patterns of nucleotide binding site-leucine-
rich repeat (NBS-LRR) genes, which act as plant immune
receptors and are responsible for the initiation of a secondary
line of plant defence called effector-triggered immunity (ETI).
ETI is mediated by a complex recognition process of pathogen
effectors by corresponding resistance proteins in the host plant
(Jones and Dangl, 2006).
Downstream of MTI activation, different plant hormones
such SA, JA, and ET are key players in the regulation of plant
defence responses (Bari and Jones, 2009; Pieterse et al., 2012).
GO analysis of the transcriptomic responses to BG11 suggested
activation of the SA signalling pathway (“response to SA”), which
is involved in systemic acquired resistance against pathogens
and sucking herbivores such as aphids. Specifically, we observed
the induction of SA marker genes such as PR1, PR2, GRX480,
and WRKY6 (Maleck et al., 2000; Robatzek and Somssich, 2002;
Ndamukong et al., 2007). In addition, BG11 induced genes
associated with the GO categories “response to JA”, “response
to ET”, “response to wounding” and “JA-mediated signalling
pathway” (Supplementary Tables S1–S4), namely PDF1.2, ORA
59, ERF1, ERF2 and WRKY 40 (Pre et al., 2008). This aligns
with many studies that have shown similar effects of Trichoderma
spp. colonisation on SA and JA–ET pathway activation (Salas-
Marina et al., 2011; Mathys et al., 2012; Yoshioka et al.,
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FIGURE 7 | Levels of salicylic acid (A) and jasmonic acid (B) (means ± SE)
measured in B. bassiana colonised (F, FRh2 and B, BG11) and control (C)
A. thaliana. Error bars represent the standard error of the mean (N = 6), bars
with different letters differ significantly (P < 0.05). n.s., not significant.
2012; Brotman et al., 2013). A different picture emerged in the
transcriptome of FRh2-inoculated plants: despite FRh2 inducing
downregulation of JA–ET-regulated genes, this did not affect the
expression of marker genes such as PDF 1.2. Similarly, FRh2
induced no effect on SA-pathway marker genes. The unaltered
expression of SA and JA–ET related genes does not necessarily
exclude the involvement of both pathways in the FRh2-triggered
resistance against S. sclerotiorum. Using mutant analysis, Mathys
et al. (2012) demonstrated the involvement of the JA-pathway in
the T. hamatum T382–A. thaliana interaction, despite the fact
that none of the JA-pathway marker genes were induced.
Following pathogen recognition and hormone signalling,
plant immunity relies on the production of antimicrobial
compounds, known as phytoalexins, that act against intrusive
pathogens (Dodds and Rathjen, 2010). Both B. bassiana strains
FRh2 and BG11 induced biosynthesis genes of the phytoalexin
camalexin, such as CYP71A12/13 and CYP71B15 (PAD3),
respectively. Similarly, Salas-Marina et al. (2011) reported an
upregulation in PAD3 expression in both roots and leaves after
treatment of A. thaliana with T. atroviride, whereas Contreras-
Cornejo et al. (2011) found that A. thaliana seedlings colonised
by T. virens and T. atroviride accumulate camalexin in their
leaves. It is possible that camalexin-induction or priming by
B. bassiana could have resulted in enhanced resistance against
S. sclerotiorum. Stotz et al. (2011) showed that A. thaliana
genes associated with the formation of camalexin were induced
in leaves challenged with S. sclerotiorum, whereas in mutant
lines deficient in camalexin biosynthesis was hyper-susceptible to
this phytopathogen.
FIGURE 8 | Indole (white bars) and aliphatic (grey bars) glucosinolate levels
(means ± SE) measured in B. bassiana colonised (F, FRh2 and B, BG11) and
control (C) A. thaliana leaves. Error bars represent the standard error of the
mean (N = 6), bars with different letters differ significantly, (P < 0.05).
TABLE 2 | Mean (±SE) concentration of glucosinolates (GLS) (µmol g−1 dry
weight) in Arabidopsis thaliana leaves of Beauveria bassiana-colonised plants (F,
FRh2; B, BG11; C, control).
Glucosinolatesa C F B
Total AG 15.60 ± 0.75 12.54 ± 1.18∗ 18.07 ± 0.95
Total IG 2.44 ± 0.11 2.01 ± 0.21 2.67 ± 0.23
3MSOP 1.27 ± 0.05 0.99 ± 0.12 1.47 ± 0.12
4MSOB 12.32 ± 0.56 9.91 ± 0.91∗ 13.79 ± 0.76
5MSOP 1.07 ± 0.03 0.90 ± 0.10 1.17 ± 0.06
6MSOH 0.08 ± 0.02 0.06 ± 0.01 0.09 ± 0.01
7MSOH 0.19 ± 0.03 0.13 ± 0.02 0.30 ± 0.02∗
4MTB 0.15 ± 0.04 0.11 ± 0.02 0.38 ± 0.08∗
8MSOO 0.52 ± 0.09 0.43 ± 0.08 0.88 ± 0.07∗
4MOI3M 0.47 ± 0.04 0.48 ± 0.06 0.62 ± 0.08
1MOI3M 0.29 ± 0.08 0.15 ± 0.03 0.31 ± 0.09
4OHI3M 0.02 ± 0.01 0.04 ± 0.01 0.00 ± 0.00
I3M 1.66 ± 0.10 1.34 ± 0.20 1.74 ± 0.021
Asterisk indicates statistically significant difference compared to control plant. One-
way ANOVA followed by Fisher’s least significant difference (P ≤ 0.05). aAG,
aliphatic glucosinolates; IG, indole glucosinolates; 3MSOP, 3-methylsulfinylpropyl
GLS; 4MSOB, 4-methylsulfinylbutyl GLS; 5MSOP, 5-methylsulfinylpentyl GLS;
6MSOH, 6-methylsulfinyl-heptyl GLS; 7MSOH, 7-methylsulfinylheptyl GLS;
4MTB, 4-methylthiobutyl-GLS; 8MSOO, 8-methylsulfinyl-octyl GLS; 4MOI3M,
4-methoxyindol-3-ylmethyl GLS; 1MOI3M, 1-methoxyindol-3-ylmethyl GLS;
4OHI3M, 4-hydroxyindol-3-ylmethyl GLS; I3M, indol-3-ylmethyl GLS.
Furthermore, Beauveria-colonised plants showed responses
to oxidative stress that are likewise characteristic for
Trichoderma–A. thaliana interactions (Salas-Marina et al., 2011;
Mathys et al., 2012; Brotman et al., 2013). Multiple scavenger
genes such as peroxidase, GST and other enzymes that protect
against reactive oxygen species (ROS) were induced. A key
regulator of the ascorbate-glutathione pathway for ROS
detoxification (Yoon et al., 2004), the mono-dehydro-ascorbate
reductase (MHDAR), was also upregulated in BG11-inoculated
plants. This reductase is involved in the interaction between
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FIGURE 9 | Bi-plot of principal component analysis (PCA) of glucosinolates in A. thaliana leaves. Plants were mock-inoculated (control) or colonised by B. bassiana
strains FRh2 and BG11, respectively. Glucosinolates (GLS): 3MSOP, 3-methylsulfinylpropyl GLS; 4MSOB, 4-methylsulfinylbutyl GLS; 5MSOP, 5-methylsulfinylpentyl
GLS; 6MSOH, 6-methylsulfinyl-heptyl GLS; 7MSOH, 7-methylsulfinylheptyl GLS; 4MTB, 4-methylthiobutyl GLS; 8MSOO, 8-methylsulfinyl-octyl GLS; 4MOI3M,
4-methoxyindol-3-ylmethyl GLS; 1MOI3M, 1-methoxyindol-3-ylmethyl GLS; 4OHI3M, 4-hydroxyindol-3-ylmethyl GLS; I3M, indol-3-ylmethyl GLS. PC1 = 49%,
PC2 = 17%.
A. thaliana roots and the endophyte P. indica (Vadassery et al.,
2009). ROS scavengers help plants not only to cope with biotic but
also with abiotic stresses (Apel and Hirt, 2004; Daudi et al., 2012;
Das and Roychoudhury, 2014). Interestingly, FRh2 colonisation
differed from BG11 by triggering a stronger expression of various
genes associated with abiotic stress. Changes in the expression
of CYP707A3, WRKY63, RAP2.6L, RAV2, HSP101 and MBF1c
suggest that FRh2 may protect its host against drought or salinity
(Umezawa et al., 2006; Krishnaswamy et al., 2011) and heat
(Queitsch et al., 2000; Suzuki et al., 2008; Fu et al., 2014; Park
and Seo, 2015). However, this hypothesis awaits further testing.
Endophytes such as Trichoderma spp. and P. indica are well-
known for their abilities to alleviate osmotic, salt, temperature or
other abiotic stresses (Waller et al., 2005; Baltruschat et al., 2008;
Brotman et al., 2013; Contreras-Cornejo et al., 2014).
The induction of SA and JA–ET dependent transcriptional
responses in A. thaliana following BG11 colonisation did
not result in increased levels of SA and JA metabolites in
A. thaliana leaves. It confirms that gene expression does not
necessarily reflect metabolite levels, which can be regulated
at various post-expression stages (Pieterse et al., 2000; Van
der Ent et al., 2009; Withers and Dong, 2017). However,
this finding is in line with FRh2-inoculated plants, where
genes of the defence pathways remained unaffected. Since both
strains were able to enhance resistance against S. sclerotiorum,
maybe signalling pathways other than those requiring SA and
JA were involved. Future work, using SA and JA mutants
of A. thaliana, will be needed to elucidate this question.
At this point it is unclear whether two different resistance
mechanisms have resulted in the same outcome or whether
the plant responded similarly to both fungal strains with
regard to pathogen defence. In any case, there is a certain
overlap in the induction of SAR related genes, including, for
instance ALD1, which plays a key role in local and systemic
defence in A. thaliana and is involved in SA-independent
signalling upstream of SA biosynthesis (Song et al., 2004;
Návarová et al., 2012). This could point to a similar resistance
mechanism in both cases.
As expected from the observed transcriptomic responses,
B. bassiana colonisation did not result in major changes in the
plant’s GLS profiles. Nevertheless, three AGS were attenuated
in plants colonised by FRh2. Glucosinolates play an important
role in the resistance of Brassicales against pathogens and
insects (Hopkins et al., 2009; Wittstock and Burow, 2010;
Buxdorf et al., 2013) and the fact that glucosinolates were
not enhanced could explain to some extent why B. bassiana
did not affect the performance of the generalist M. persicae,
which has been shown to be susceptible to these compounds
(Pfalz et al., 2009). Less likely GLS effects, on the other
hand, would be expected in the case of P. xylostella, as this
herbivore produces a sulfatase which prevents the formation of
toxic GLS hydrolysis products (Ratzka et al., 2002). Regarding
S. sclerotiorum, glucosinolates have been found to be induced by
this fungus and also restricted pathogenesis (Stotz et al., 2011).
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Inoculation with B. bassiana may have either primed the plants
to respond more strongly after S. sclerotiorum infection or
other factors were important in this interaction. In a different
endophyte system, Maag et al. (2014) likewise found no changes
in GLS levels in Brassica napus after T. atroviride inoculation, and
subsequent insect feeding did not lead to priming.
While this study provides correlational evidence for induced
resistance against S. sclerotiorum based on the upregulation of
pathogenesis-related (PR) proteins, ROS scavengers, camalexin,
phytohormones and other defence-related genes, direct
mechanisms that were not explored here cannot be ruled out
entirely. Mycoparasitism within the plant tissue, competition
for nutrients and toxic effects caused by B. bassiana-produced
secondary metabolites could have exerted an inhibitory effect on
the pathogen (Jaber and Ownley, 2018). However, evidence that
such effects occur in planta is still missing.
In summary, our results demonstrate that B. bassiana protects
A. thaliana against fungal disease but not against two herbivorous
insect species. Endophytic colonisation resulted in profound
changes in plant defence gene expression but in only few
modifications in defence hormone and GLS levels. The presented
study is one of the first to report plant responses to endophytic
entomopathogens and contributes to a better understanding
of B. bassiana ecology. The findings are also important for
assessing the potential of endophytic entomopathogens as
biological control agents.
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